Parental and recombinant phage production by tandem, double lysogens of Corynebacterium diphtheriae was studied in strains in which the coupling of prophage markers and the order of prophage was established. The results from studies of mass lysates and single bursts showed that the recombinant class of phage, designated R1, was predominant in UV-induced lysates followed by the parental, P1 class and to a lesser extent the P2 and R2 classes. Single bursts of UV-treated cells contained phage from one to all four of the phage classes, and this appeared to reflect the action of two excision processes. The data indicate that recombinant phages R1 and R2 are formed by a process of general recombinational excision and that this is the primary event leading to phage production in both UV-irradiated and spontaneously induced double lysogens. This process, which depends on exchange between homologous genes and is reciprocal, accounts for the excision of R1 phage from the host chromosome. A second excision process, probably site-specific excision, also occurs in many ofthe same cells and accounts for the excision of P1, P2, and R2 phages. The significance of these results for the spread of toxinogenicity in strains of C. diphtheriae is discussed.
Parental and recombinant phage production by tandem, double lysogens of Corynebacterium diphtheriae was studied in strains in which the coupling of prophage markers and the order of prophage was established. The results from studies of mass lysates and single bursts showed that the recombinant class of phage, designated R1, was predominant in UV-induced lysates followed by the parental, P1 class and to a lesser extent the P2 and R2 classes. Single bursts of UV-treated cells contained phage from one to all four of the phage classes, and this appeared to reflect the action of two excision processes. The data indicate that recombinant phages R1 and R2 are formed by a process of general recombinational excision and that this is the primary event leading to phage production in both UV-irradiated and spontaneously induced double lysogens. This process, which depends on exchange between homologous genes and is reciprocal, accounts for the excision of R1 phage from the host chromosome. A second excision process, probably site-specific excision, also occurs in many ofthe same cells and accounts for the excision of P1, P2, and R2 phages. The significance of these results for the spread of toxinogenicity in strains of C. diphtheriae is discussed.
Phage production by a doubly lysogenic strain of Corynebacterium diphtheriae was first studied in this laboratory in 1958 (7) . It was noted that the double lysogen produced more phage during growth than the respective monolysogens, and that a greater proportion of its cells were induced by UV light. The phage produced by the double lysogen was also characterized. Two markers were scored, and it was observed that all four possible classes of phage were produced in significant amounts, indicating that a high proportion of the phage was recombinant. Owing to limitations of knowledge and technique, we were unable to establish which of the phage types was parental and which was recombinant. It could not be assumed that the coupling of markers in the parental phages had been retained during the formation of the double lysogen.
In a recent study of the prophage map of converting corynebacteriophage beta (13) , tandem double lysogens were used as the primary mapping tool. As a result of that study, it is now possible to establish not only the coupling of markers but also the relative order ofthe two prophages in a double lysogen. With this increased capability, it seemed desirable to restudy phage production by double lysogens.
MATERIALS AND METHODS
Strains of bacteria and phage. C. diphtheriae strains C7, C7/,1, and C7(y) were taken from our stock culture collection. Strain C7 was used in producing all double lysogens. Phages ( (immP tox+) and y (immy tox-118) were from our stocks. Phages ,8 tox-30 and 8 tox-45 were originally received from A. M. Pappenheimer, Jr. Recombinants of these phages and the double lysogens used were all produced in this laboratory. The terminology and numbering of the tox mutants follows the conventions established previously (8, 11) .
Media and general methods. The methods used for preparing phage stocks, phage plaque assays, tests for lysogeny, induction with UV, and scoring of the imm and tox markers have all been described (11, 13) , as have the procedures for producing, identifying, isolating, and characterizing the double lysogens and the prophage carried therein. The tryptose-yeast extract (TYE) broth and agar media used in most of these procedures, the Tween-broth used where phage.readsorption was to be prevented, and the in vitro agar medium used for tox testing were also described in the same publications. TYE broth was used as the growth medium for all bacterial strains and as diluent.
Single-burst experiments. In the single-burst experiments, the double lysogen was first repurified.
The dilution method, also previously described (13) , was used to produce a broth culture that had arisen 592 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from from a single CFU of the double lysogen. The broth culture was then grown to a concentration of 108 cells/ml, after which it was diluted 1:5 in fresh Tween-broth and again grown to a concentration of 108 cells/ml. Two samples of these log-phase cells were processed as follows.
The first sample was used to produce single bursts and mass lysates from UV-irradiated cells. A portion of cells (5 ml) was centrifuged and resuspended with vigorous Vortex mixing in fresh Tween-broth. This reduced the amount of free phage below the level that would interfere with the single bursts. The cell suspension was then poured into a petri dish (15 by 100 mm) and irradiated with UV for 5 min under standard inducing conditions. The cells were pipetted back into a screw-capped culture tube (16 by 150 mm) and incubated with shaking for 15 min at 370C in order to establish the induction. The culture was then extensively diluted into TYE broth (without Tween), and 0.2-ml amounts of the final dilution were distributed into 100 Wasserman tubes (12 by 100 mm). The dilution was such that assuming 20 to 40% induction, each tube would receive on the average of 0.1 to 0.2 induced cells. The Wasserman tubes were placed in a 370C water bath and incubated for an additional 105 min, at which time lysis was expected to be complete. The remainder of the irradiated culture (undiluted) was also incubated at 370C for an additional 105 min with aeration to provide a UV-induced mass lysate. The Tween 80 in this medium prevented readsorption of phage. At 120 min after irradiation, 2 ml of soft agar and a standard inoculum of indicator strain C7 was added to each Wasserman tube, and the entire contents of each was poured over a hard-agar base plate. After the overlay hardened, the plates were incubated overnight at 370C. While the single bursts were being processed, the undiluted, irradiated culture was centrifuged, and the supernatant was diluted and plaqued with C7 to provide a sample of phage produced by the entire population of induced cells.
The second portion of cells in Tween-broth was processed in the following manner. First, in order to establish prophage order and coupling of the markers (13), a sample of monolysogens derived from the double lysogen was isolated. The culture was suitably diluted, and 0.1-ml samples were spread with sterile bent glass rods on "thin" TYE plates and incubated at 370C for 18 to 24 h. At that time, monolysogenic colonies were identified visually and picked to a plate of TYE agar to provide a master plate for further testing (13) . The master plate was incubated overnight at 370C, and the imm and tox markers of the phage carried by the monolysogens were characterized as described below. The remainder ofthe unirradiated sample was incubated at 37°C with aeration for 120 min, after which the cells were removed by centrifugation and the supernatant was suitably diluted and plaqued on C7. These plaques provided a sample of phage produced by spontaneously induced cells of the double lysogen.
The phage in all the plaques produced in single bursts and from a representative sample of the plaques produced by UV-and spontaneously induced cell populations were characterized for their imm and tox markers. Each plaque was stabbed with a sterile toothpick, and then three agar plates containing an overlay with C7, C7/,B, and C7(y), respectively, were successively stabbed with the same toothpick. There was sufficient phage on the toothpick to inoculate all three plates without returning to the original plaque. After overnight incubation at 370C, phage activity on C7/1( and C7(y) was recorded. Phage that are immB plaque on C7(y) but not on C7/18, whereas the reverse is true for phage that are immv. Both phages plaque on C7. The plaques formed on C7 were used as a source of inocula for characterizing the tox marker in these phages. The tip of a sterile cylindrical applicator stick (2 mm in diameter) was gently rotated in a plaque in order to pick up an inoculum of cells lysogenized with the phage. Each inoculum was then planted on an in vitro agar plate used for tox tests, approximately 0.5 cm from the filter paper strip saturated with diphtheria antitoxin. The reactions were then read after 24 to 48 h of incubation at 370C. Some 40 tests were performed on each plate, since each plate contained two filter paper strips and 10 inocula could be spotted on each side of a strip.
The phage carried by the monolysogens were characterized as above, but a preliminary step was required to increase the efficiency of the assay. A small inoculum of each monolysogen on the freshly grown master plate was picked with a sterile toothpick to an agar overlay plate containing C7 indicator. The plate was irradiated with UV for 10 to 15 s under standard conditions and then incubated overnight at 370C. A zone of lysis usually appeared around each site and was used as the source of inoculum for determining the imm marker (see above). Even if there was no obvious lysis, the zone at the periphery of the inoculum provided an adequate inoculum of phage for this test. To test for the tox marker, a small amount of each colony from the master plate was spotted onto an in vitro test plate with the tip of an applicator stick, and the reactions were read after 24 to 48 h of incubation.
The rationale for establishing the coupling of prophage markers and the order of prophages in a double lysogen is based on Campbell's formal analysis of the mechanism by which monolysogens are produced from double lysogens (4) . In that analysis, it was deduced that if a double lysogen carrying two triply marked prophages produces monolysogens carrying four different classes of phage, then the monolysogens are probably segregated from tandem double lysogens after a single recombinational exchange between the two resident prophages. If monolysogens were produced by simple excision of one parental phage or the other, then only two classes would be found. Once it is established that a recombinational event is involved in forming the monolysogens, then it is possible to determine the coupling of markers and the order of prophages in the double lysogen by characterizing the phage carried by each of a number of monolysogenic segregants.
We have presented evidence for tandem double lysogens of C. diphtheriae that is fully consonant VOL. 23, 1977 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from with the rationale discussed above and have used the general method proposed by Campbell to determine the coupling of phage markers and the order of prophages in triply marked strains (13) . In the current series of experiments only two markers, imm and tox, were used. It can be seen from the prophage map in Fig. 1 that the imm and tox markers are terminal markers for the prophage. The imm marker is 20% from one end, whereas the tox marker is only 2% from the other end of the prophage chromosome. When the two prophages are suitably marked in these genes, then the phage carried in 20% of the monolysogenic segregants will be formed by a crossover in region I but will be indistinguishable from parental phage P1 (Fig. 1) . However, 80% of the monolysogens will carry recombinant phage formed by a crossover in region II. Once the phage in a sample of monolysogens is characterized, then the markers carried by the majority establish the imm-1 and tox-2 markers in the resident prophages, and the imm-2 and tox-1 markers can then be assigned and the prophage order established. (13) is given at the top ofthe figure with map distances. This is followed by a diagram ofa tandem double lysogen containing parental (P) prophages with different markers in their imm and tox genes. The same double lysogen is shown with the DNA of the parental phages apposed in a position ofDNA homology. Crossovers in region I and II are indicated. Ifcrossover occurs in region I, then the excised phage R1 will be imm-1 tox-1 and the phage retained by the monolysogen, R2, will be imm-2 tox-2. If crossover occurs in region II, then excised R1 will be imm-2 tox-1 and retained R2 will be imm-1 tox-2. Bacterial DNA (---); phage DNA ( ).
RESULTS
Phage in UV-induced mass lysates. The proportions of the various phages present in mass lysates of UV-induced double lysogens is given for a series of experiments in Table 1 . In each case, the double lysogen was grown from a single CFU in Tween-broth to a logarithmicphase culture and then induced. The phage produced was characterized, and the coupling of the markers and order of the prophages (columns 2 and 3) were determined from the phage present in monolysogenic segregants. The proportions of the parental and recombinant classes as defined in Fig. 1 are given in columns 5 through 8. Since the imm and tox markers are the known terminal markers in the prophages, the recombinant classes encompass all the identifiable recombinational events that occur between the prophages. These data show that in all experiments the R1 recombinant class is the largest and that with one exception the P1 class is the second most prominent. In general, the P2 and R2 classes contribute roughly the same proportions of phage to the final population, though the contribution of R2 appears to be generally larger.
Single-burst experiments. Single-burst experiments were performed on UV-induced double lysogens in order to study the interactions of the two phages in individual bacteria. Summary data for three experiments are given in Table 2 . These data provide a comparison ofthe classes of phage produced in single bursts of UV-induced cells with those produced in the lysates of UV-and spontaneously induced cell populations in the same experiment. As expected, these results show that in UV-induced cells, R1 is the largest class of phage produced whereas P1 is the second. It does appear that the proportion of P1 phage is greater in lysates of spontaneously induced cells than in those of UV-induced cells. The correlation between the UV-induced mass lysate and the phage from the single bursts is fairly good considering the small number of bursts tested.
The particular combinations of phage classes contained in single bursts are summarized in Table 3 . These results also show that the proportion of bursts in which each class appears is: R1 (98%), P1 (58%), R2 (42%), and P2 (21%). The reciprocal recombinant classes R1 and R2 co-appeared in 41% of the bursts, whereas P1 and R1 co-appeared in 57%. It is likely that some of the P1 phage was produced as a result of a crossover between the "left" end of the prophage and the imm marker and that operationally some of it is R1 phage. However, the number of bursts in which P1 appeared far exceeded the 20% expected by crossover alone, Fig. 1 for definition of the parental (P) and recombinant (R) classes and experiments 1, 2, and 3 in Table 1 for the double lysogens used.
b Proportion of tubes containing 0, 1, and >1 bursts. P. is experimentally determined.
suggesting that this process does not in itself account for P1 production. Another puzzling feature of this data is that though phenotypically recognizable R1 phage is found alone in 24% of the bursts, none of the bursts contain P1 alone. If P1 were indeed produced by a recombination event, something expected in 20% of the crossovers, then a fraction of the bursts should only have P1. One possible explanation for some of these results, that C. diphtheriae is multinucleate, will be taken up in the discussion.
The phage produced in individual bursts of one single-burst experiment, which is illustrative of the others, is given in Table 4 . It is obvious that in most bursts the R1 class was predominant. These results suggest that R1 phage is excised in an early event, thus giving this class of phage an advantage in replication. In at least three bursts (no. 11, 12, and 21) the P1 phage was dominant, and it is possible that in these bursts P1 was also produced in a similar event. In this and the other experiments, R2 phage levels were lower than or at most equal to R1 phage in the majority of bursts in which R1 and R2 were both present. This suggests that R2 excision may follow that of R1. The fact that R2 dominates burst 3 indicates that there are other events, conditions, or sequences of events that can on occasion affect the outcome.
DISCUSSION
We have examined the phage produced by doubly lysogenic C. diphtheriae in which the coupling of prophage markers and the order of the tandem prophages were known. In mass lysates of UV-induced double lysogens, the predominant class of phage is the R1 recombinant as defined in Fig. 1 Fig. 1 for definition of the parental (P) and recombinant (R) classes. Experiments 1, 2, and 3 correspond to the same experiments in Tables 1 and 2 . Data for experiment 4 have not been presented previously. The idea that phage recombination is involved in the induction of doubly lysogenic bacteria was first proposed by Appleyard (1) for lambda double lysogens. Whitfield and Appleyard (14) also noted that a particular recombinant constituted about one-half the total phage present in mass lysates resulting from spontaneous and UV-induced lysis. Their data suggested that the sequence of lambda infection (and presumably the sequence of the prophages) was crucial in determining which phage recombinant was dominant. Similar observations were made by Arber (2), who also suggested that recombination was the basis for induction in lambda double lysogens, but in none of these studies was the coupling of prophage markers, prophage order, or the events in single bursts established. Subsequently these early observations, buttressed by those of Calef (3), formed the basis for Campbell's hypothesis (4). He postulated that tandem phage engage in frequent recombination and that this event leads to excision of a recombinant phage genome and retention of the reciprocal phage recombinant as prophage in a monolysogenic segregant. In our terminology, the former class of phage is R1 and the latter is R2. It is clear from Fig. 1 that if phage from double lysogens are to be classified in accord with this model, knowledge of marker coupling and prophage order is essential.
The process of reciprocal combination between tandem prophage, referred to in this paper as general recombinational excision (or, more briefly, general excision), is distinct from site-specific excision as described for lambda phage (5) . General excision depends on DNA homology and reciprocal crossing over between any homologous gene(s) on the adjacent phage genomes. In contrast, site-specific excision occurs only by recombination between specific "attachment" sites located at the ends of the prophage genome. Furthermore, site-specific excision functions in monolysogens as well as in double lysogens, excising a unit genome in the former and in theory excising either single-unit genomes or a double unit from the latter. We have previously demonstrated that general recombinational excision occurs in double lysogens of C. diphtheriae (13) , and the fact that the prophage map is a circular permutation of the vegetative map also supports the view that site-specific excision (as well as insertion) functions in this system. Thus, both mechanisms need to be considered in analyzing phage production by double lysogens. In the analysis given below, we shall assume that general excision is the principal mechanism for the formation of phage recombinants.
Before proceeding on this basis, the role of other mechanisms for producing recombinant phage needs to be briefly considered and assessed. The frequency of vegetative recombination between two infecting corynephages, or recombination between the phage in an induced lysogen and a superinfecting phage, has been reported (9) . In each case the rate of recombination between heterologous phages is too low to account for the appearance of R1 phage in 98% ofthe bursts of UV-treated double lysogens. A third mechanism by which recombinant phage might be produced is suggested by the work of Gottesman and Yarmolinsky (6) .
In this case, the activity of the gene that normally converts lambda phage circular DNA to linear DNA could presumably excise a recombinant phage genome from tandem phages. It seems unlikely that this process would contribute significantly to recombinant formation under the conditions of the current study, since this mode of recombinant formation was revealed only after the normal host and phage recombination systems had been blocked by mutations, conditions which did not pertain in the present study. Furthermore, it is not clear from the lambda work that R2 recombinant phage would survive the excision of an R1 phage by ter, a condition of some importance in the present study. Overall, these considerations lead to the conclusion that although a variety of processes may be responsible for some phage recombination, general excision is probably the principal source of recombinants in tandem double lysogens.
The types of phage produced by UV-treated cells are best explained by postulating that the processes of both general and site-specific excision function in these cells. In all probability, phage repressor levels are lowered after UV irradiation and the site-specific process is activated. The predominance of R1 phage over P1, R2, and P2 suggests that general excision is perhaps the earliest event, one that gives excised R1 an advantage in replication. Phage R2 would be left attached to the chromosome. The fact that 20% of the phage produced by general excision is phenotypically P1 and would be so classified would also account for the predominance of P1 over R2 and P2. Phages R2 and P2 could only be excised by the site-specific mechanism, and more P1 phage could also be produced in this manner. The co-appearance of P1 and R1 in 56% of the single bursts requires some additional explanation since it demands excision from two separate sets of tandem prophages. This is best explained by postulating that C. diphtheriae is multinucleate. If so, then P1 and Ri could each be produced by general excision from different chromosomes, or R1 could be produced by general excision from one chromosome and P1 by site-specific excision from the other. General excision of more than one chromosome per cell would also account for the high proportion of bursts containing R1 phage and the low proportion containing P1 only. The probability of producing R1 in a binucleate cell in which general excision occurs in both chromosomes is 0.96, whereas the probability of having a cell with only P1 phage is 0.04. The varied composition of the individual VOL. 23, 1977 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from bursts suggests that there are many factors determining the final phage composition in a given UV-treated cell. These include repressor levels, rate and sequence of the excision processes, and the differential rates of site-specific excisions as influenced by attachment site differences.
An explanation of the events in spontaneously lysing cultures must take into account the production of R1, the survival of R2-carrying monolysogens, and the production of significant amounts of P1 phage. General excision can account for the formation of free R1 and prophage-retained R2 phage. However, to account for the survival of R2-carrying monolysogens it is necessary to postulate that one or two divisions take place before the level of R1 repressor is low enough to permit R1 replication. The lowering of R1 repressor levels after excision would require either cessation of synthesis or a reduced synthesis, followed by dilution of repressor through cell division and ultimately induction. The production of P1 phage through both general and site-specific excision accounts for the formation of large amounts of this phage; however, we cannot explain its near equivalence to R1 phage in spontaneously lysing cultures.
Finally, it is important to note from this analysis of events in C. diphtheriae that the formation of double lysogens and the subsequent activity of the prophages could be a significant factor in the natural history ofdiphtheria. Recombination could be an effective mechanism for disseminating the tox gene among diverse corynephage that share some element(s) of DNA homology or for its reconstitution from tox phage mutants (12) . Recombination could occur during the formation of double lysogens (13) or, as demonstrated in this study, during the process of general excision of tandem prophages. The widespread distribution of the tox gene in phages that are morphologically and
